Background: Indoor radon exposure has been postulated as the second risk factor of lung cancer after tobacco.
various hypotheses. Some of them indicate that even one alpha particle is sufficient to alter one cell and its neighbors through mechanisms of cellular communication [6] .
One of the key elements of cell regulation is the p53 gene. Risk factors for lung cancer such as tobacco or occupation have shown to have a direct effect on this gene by causing mutations [7] [8] [9] [10] [11] [12] . Nevertheless, most of the studies relating radon and p53 gene have been carried out on miners and only two in indoor radon-exposed individuals [12, 13] . Immunohistochemistry (IHC) has revealed itself as a technique that can identify alterations in a protein that could reflect a gene alteration (i.e. a mutation) with a relatively good performance since the protein measured should indicate the genetic integrity or at least show modifications in its expression if the gene is altered.
The objective of this study is to investigate if factors associated with the appearance of lung cancer, with special emphasis on residential radon exposure, do have an effect on p53 immunohistochemical expression.
subjects and methods
origin of the case series
The samples analyzed belong to a case-control study carried out from 1992 to 1995 in the Santiago de Compostela Health District Area (Galicia, NW of Spain) which has been published elsewhere [14] . Briefly, this study showed a risk of 2.96 [confidence interval (CI) 95% 1.29- 6 .79] for those exposed to radon levels >148 Bq/m 3 versus nonexposed and an interaction between radon exposure and smoking was observed. This study was included in the European Pooling Study published by Darby et al. [15] , which showed a linear effect between radon exposure and lung cancer. The cases were 163 individuals with anatomopathologically diagnosed lung cancer and were collected consecutively at the reference hospital along this period.
information collected and radon measurements
A detailed interview was done, and the case was asked about some aspects of his/her lifestyle and risk factors of lung cancer. Detailed information was collected on tobacco consumption history and also on previous jobs in occupations posing a risk for lung cancer according to a classification published by Ahrens and Merletti [16] . Alcohol consumption took into account beer, wine and spirits and their alcohol content was added in one variable (alcohol consumption in ml/week). A radon detector was placed in each house of the included cases. It was placed under standard conditions, namely, in the room in which study subjects spent most of the time at home (generally the bedroom) away from doors and windows and never <65 cm from the floor. All detectors were in place in the subjects' homes for a minimum period of 90 days. The detectors were of an alpha-track type and were sent to the United States to be revealed by an Enviromental Protection Agency, United States (EPA) approved laboratory.
immunohistochemistry and DNA sequencing
All the biopsies of the included cases were retrieved from the files of the Department of Pathological Anatomy, Santiago de Compostela Clinical University Hospital, which is the reference hospital in the study area. Immmunohistochemical staining of paraffin-embedded slides was carried out using the Envision method for detection and visualization, which consists of a dextran polymere with all the enzyme molecules joined directly. In this case, peroxidase was used (EnVision-horseradish peroxidase). The slides were deparaffinized and hydrated into water after being cut in 4 lm pieces. 
statistical analysis
Bivariate and multivariate analyses were carried out. An analysis of variance was carried out when analyzing the intensity of staining with radon concentration, tobacco consumption in pack-years, years worked in a risk occupation for lung cancer and alcohol consumption in ml/week. In the case that the variances were not homogeneous, the Kruskal-Wallis test was applied. A further analysis consisted in comparing the samples with the most extensive staining with the remaining. This last comparison was done with the Student's t-test when applicable.
A logistic regression was carried out with the former variables plus the histological type. In order to improve the statistical power of the regression, the staining was divided into two categories, <10% of the intensity (no staining) and >10% (positive staining). The predictive variables were introduced as dichotomous in the following way: radon, exposed and nonexposed with the cut point on the median concentration; tobacco, with the cut point on the median of the pack-years; years worked in risk occupations for lung cancer, divided in not having worked or having worked for 1 year or more in one of these occupations, alcohol consumption, with the cut point on the median and finally the histological types with squamous type as the reference category. All the odds ratios were calculated with CI 95% and the calculations were done with SPSS 11.5 statistical package.
results sample characteristics
From the original 163 cases of the case-control study, 72 were analyzed for immunohistochemistry. The reasons for not having the whole sample analyzed can be found in Table 1 , along with other characteristics of these 72 subjects. The main reason for not having all samples analyzed was the small size of the biopsies that resulted in lack of neoplasic tissue after routine stainings for diagnosis and in several artifacts. There were no statistically significant differences in radon concentration between the analyzed samples and those not analyzed (t-test; P = 0.170).
Respecting to the analyzed samples in the present paper, the more prevalent histological type was squamous cell and the mean age was 65 years. Most of the cases were males. Radon concentration was quite high, with 20% of the cases >148 Bq/m 3 , the action level established by the EPA. Alcohol consumption was also moderately high, with the median consumption in the sample equivalent to two daily glasses of wine approximately.
immunohistochemical results
The immunohistochemical results showed that 42% of the samples had a staining <10% while the remaining had a most intense staining, with a 22% of the samples with an extensive staining ( Figure 1A and B). When analyzing separately those samples with a radon concentration >200 Bq/m 3 , no pattern was observed for the immunohistochemistry (data not shown). In the Table 2 is displayed the relationship between the histological type and p53 staining. For none of the histological types a clear pattern of staining is observed with the exception of small cells, where it seems to exist a more intense staining.
The results of the bivariant analysis are shown in Table 3 . None of the analyzed variables has a statistical association with the staining intensity. For radon concentration there is no clear trend. Although there is no statistical significance, some type of trend can be observed for years worked in a risk occupation for lung cancer and for alcohol consumption in order that a more intense staining is observed for a longer time worked in risk occupations and for a higher alcohol intake. A further analysis was carried out by comparing if those subjects with the most intense staining (>60%) had had different exposures than that of the remaining. The results are shown in Table 4 . It can be observed that there are no differences for original article Annals of Oncology radon exposure, tobacco or occupation and a statistically significant difference for alcohol consumption, although some trend is observed for tobacco and occupation.
The results of the logistic regression considering p53 immunohistochemistry as a dichotomic result (<10% and ‡10%) can be observed in Table 5 . None of the five independent variables had a statistical significant association with the intensity of p53 staining.
DNA amplification results
Only 4 of the 16 samples with this most extensive staining could be amplified and sequenced with a reliable result. No mutations were found in exons 4 through 8 in the p53 gene in any of these samples. The radon concentrations of these four subjects ranged between 11.1 and 51.8 Bq/m 3 .
discussion
The most interesting hypothesis of this paper was to know the possible association between residential radon exposure and alterations on the p53 gene expression by immunohistochemistry. Any type of relationship was not found between radon exposure and p53 staining, even for the most stained samples. Furthermore, no mutations were found in the samples analyzed. Some type of trend has been found for occupation and for alcohol consumption and the extent of staining but with statistical significance only for alcohol consumption, probably due to the small sample included. To our knowledge, only seven studies (eight with the present one) have analyzed the relationship between radon exposure and alterations on the p53 gene [7, 12, 13, [17] [18] [19] [20] . Of these, only two have analyzed residential radon exposure [12, 13] .
Miners' and residential radon studies have not shown a clear pattern of p53 mutations or immunohistochemistry. While some authors postulate that a radon-specific mutation can occur in codon 249 of the exon 7 [17] , others do not support this affirmation [7, 12] . The results of the different studies are discrepant and the present study do not show an association between radon and p53. It should be highlighted that the study area has been classified as a high emission area by previous studies [14, 21] since 20% of dwellings exceed the EPA's action level and even though an association has not been observed. Furthermore, although only four samples with the highest staining could be adequately sequenced, none of them showed a mutation in exons 4-8, although neither of these cases had a radon concentration at home >60 Bq/m 3 (data not shown).
The mechanisms of radon carcinogenesis are not clear, although the p53 gene, as a key factor in the regulation of the cell cycle possibly plays a role. There could be other factors affecting the p53 expression without needing a mutation or there could be alterations in other genes implicated in carcinogenesis such as tumor suppressor genes. The inactivation of p53 can be due to mutations caused by exposure to environmental mutagens, but it can also be occasionally inactivated through endogenous processes and, in some rare cases, mutations can be hereditary. Some authors indicate that a stabilization of the p53 protein can occur after an oxidative stress, which conducts to lipid peroxidation and could cause this mutation, although this is not clear [22] . The distribution of mutations along the p53 gene is not randomized. They are localized mainly in mutational hot spots placed in a highly preserved DNA sequence.
A G/T transversion on the second position of codon 249 (AGG/ATG, arginine to methionine) is the most prevalent nonsense mutation in lung cancer. This mutation rarely occurs in other cancers [23] but is frequent in cancers of smokers and nonsmokers and could be due to DNA-polycyclic aromatic hydrocarbon adduct formation.
p53 protein in the cell is tightly regulated, with negligible antibody staining noted in normal tissues. However, inhibition of degradation, mutation or enhanced production of p53 protein (or some combination of these) could all result in antibody recognition of the protein and thus abnormal staining [24] . The p53 can be functionally inactive and not have There is a dose dependence of p53 mutation frequency according to the number of cigarettes smoked [7] . This has been found here for the IHC, although the result is not statistically significant. In some cases, the p53 gene shows a mutational spectrum specific for certain carcinogens and sometimes the expression of the p53 protein is inducted as a response to a harm to DNA and is implicated in DNA repair and in apoptosis.
In the study of Yngveson et al. [12] , 41% of the samples showed reactivity and the concordance between IHC and sequenciation was 62% and seemed not affected by tobacco or radon exposure. Sensitivity and specificity of IHC were estimated in 57% and 64%, respectively. Other studies have shown a dose-response relationship between radon concentration and p53 prevalence of mutations.
The fact that a unique alpha particle goes through a mammalian cell is sufficient to induce biological consequences. Alpha radiation has an ionization density that coincides with the diameter of the DNA double helix and then has a high probability of causing a break of this double helix [6] . Zhou et al. [25] have pointed that the risks due to alpha particle exposure cannot be extrapolated linearly. The risks are higher, in proportion, for low exposures than for high exposures, although these results belong to an experimental study.
With respect to the relationship among p53 alterations and other exposures, such as tobacco, alcohol or occupation, the association with tobacco use is clear [26] . To our knowledge, this association has not been analyzed for alcohol consumption or occupation and p53 alterations in lung cancer. An overexpression of p53 has been observed for alcohol consumption in oesophageal cancer [27] while alcohol consumption has not been associated with p53 mutations in oral cancer [28] .
This study has several limitations. The most important is the low number of samples analyzed for direct p53 gene sequencing. We have reliable information about p53 immunohistochemical expression, but this is an indirect or approximative way to know about p53 gene status. Another limitation is related with the sample size. Although there were initially 163 subjects, these were reduced to 72 due to problems mainly with sample conservation or availability. Those paraffin-embedded samples were usually small sized, and after routine morphological and immunohistochemical studies for diagnosis, no remaining tumoral tissue was available. In Large cell and other tumors excluded due to the small number of subjects. original article
Annals of Oncology addition, the smaller samples exhibited frequently artifacts that precluded immunohistochemical interpretation. However, nearly half of the sample could be finally analyzed. In any case, there were no significant differences in radon concentration between the analyzed and not analyzed samples. In this study, all subjects were interviewed immediately after the diagnosis and the biological samples were those used for the cancer diagnosis, so the progression of the disease should not have influenced the IHC results. This study has also some advantages. The main one is its own objective, which has novelty mainly due to two reasons, the scarcity of published literature and the existing interest in knowing the carcinogenic mechanisms of radon residential exposure. Other advantage is that we were able to adjust the results for many potential confounders on the effect of gene p53 such as tobacco or occupation. This fact, together with the low sample has contributed to the wide CIs obtained in the logistic regression. Another advantage is that the detectors used were long-term radon detectors, which provide a reliable measure for radon exposure along with the fact that most of the subjects included had lived for >20 years in the same dwelling.
As a conclusion, no association has been found between residential radon exposure and p53 expression through p53 immunohistochemistry in this case series. Furthermore, no mutations were found in the four samples with the most intense staining. A slight association with a more intense staining has been found for occupation and alcohol consumption. These results show that radon exposure might not exert its carcinogenic effect through p53 gene, although more studies searching for mutations in this gene are needed. Again, more studies are required in order to understand the carcinogenic mechanisms of residential radon exposure and a good way would be to analyze biological samples of the subjects included in other published residential radon case-control studies. 
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